PHYSICIANS are frequently obliged to evaluate the status of the heart in patients with various types and degrees of cardiac malfunction or disease. Clinical criteria for this evaluation have been largely subjective. For example, the cardiac reserve capacity is most commonly judged by the level of exertion that patients can accomplish without symptoms. In research laboratories, functional capacity of the heart is assessed from measurements of the cardiac response to standard exercise in terms of heart rate, oxygen consumption, electrocardiograms, cardiac output, and other measures. Cardiac output is frequently normal at rest even in patients with severe cardiac disease. Knowledge concerning the maximum cardiac output that a specific patient can attain would be of great interest in evaluating cardiac reserve, but is clearly unattainable in routine clinical diagnosis and evaluation. Technics for monitoring the clinical conditions of hospitalized patients will ultimately be based upon continuous registration of reliable indicators of the performance of vital organ systems.
The value and significance of data obtained by continuously monitoring blood flow and pressure in active conscious dogs are greatly extended by relating observations to human subjects and patients.' Comprehensive quantitative descriptions of the performance of the h-eart illustrate changes in function of the heart and can be readily followed from beat From Ejection of blood from the ventricles requires that tension be developed and maintained during shortening of the myocardial fibers. Sonnenblick 2 studied contraction of excised papillary inuscles during, shortening against constant load (isotonic contraction) (fig. IA). Myocardial fibers shorten at a maximal rate and to a maximal extent under minimal load. As indicated by the slopes in figure  IA , the maximum rate of myocardial shortening occurs at the onset of contraction, so that the initial velocity (IV.) is always the greatest velocity dulring a contractiorn. The initial rate of shortening is inost rapid during contraction. without load and progressively diminishes as the mnagnitude of the load is in- The gradual rise in outflow rate from the right ventricle into the low pressure pulmonary arterial system may result from sequential excitation and contraction of the inflow and outflow tracts. The right ventiicle is served by a single branch of Purkinje fibers. The lateral wall of the right ventricle is excited before the excitation wave invades the conus region ( fig. 1B) . As the inflow tract begins to contract, blood is displaced into the outflow tract, so that the conus region distends.6 Right ventricular ejection begins very early in systole because the diastolic pressure in the pulmonary artery is extremely low (7 to 10 mm. Hg). Ejection begins as soon as right ventricular pressure rises above this low level. By virtue of the sequence of right ventricular excitation, the ejection rate gradually ascends to a peak near mid-systole. Since pulmonary arterial pressure normally remains relatively low, even during systole, ejection persists after left ventricular systole has terminated.
In contrast, left ventricular excitation is achieved by rapid spread of activity along a branched Purkinje system distributed widely over the endocardial surface. As the ventricles are abruptly shortened by contraction of the inner layers of myocardium, the circumference of the ventricle rapidly expands.7 The deeper layers of circumferentially oriented fibers are excited just as they are being actively stretched, a condition which is conducive to production of very high myocardial tension. As the wave of excitation rapidly invades the left ventricular wall, the left ventricular pressure rises abruptly because additional layers of myocardium are rapidly recruited into the contracting mass. Ejection is delayed until the left ventricular pressure exceeds aortic diastolic pressure.
The differences in right and left ventricular ejection patterns 3 Force may be defined as the product of mass and acceleration (F-ma). The acceleration of blood out of the ventricle is determined by the force (F) exerted by the contracting myocardium; the peak outflow is determined by this force and the time during which it acts. The product of force and time is the impulse (I = Ft). In this discussion, the initial impulse is regarded as the net force acting over the time from the beginning of ejection to the attainment of peak flow rate. Manifestations of this initial impulse are to be found in the various waveforms in figure 2. For example, the onset of systolic ejection from the left ventricle is marked by the rapid increase in pressure in the aortic arch, the rapid increase in aortic flow velocity to a peak in early systole, and the rapid increase in left ventricular pressure. Differentiation of the aortic flow velocity shows the peak acCirciatiuon, Volumne XXIX, Febritar. 1964 INITIAL VENTRICULAR IMPULSE celeration occurring as the flow rate ascends to its peak value. Similarly, differentiation indicates the rate at which ventricular pressure increases (dP/dt). All these patterns reflect, to some degree, the magnitude of the impulse generated by the contracting left ventricle during the crucial initial stage of ejection. During the later part of systole, acceleration is below the reference level (negative), indicating that the outflow of blood is slowing toward zero.
Spencer and Greiss 8 related the very rapid acceleration of blood in the aorta to the driv- The typical venltricular I)reiatllre contraction follows closely after a normal heat and characteristically produces a markedly reduiced ejection ( fig. 4) . At In a series of experiments on healthy, conscious dogs with indwelling flowmeters and pressure cannulae, the left circumflex coronary artery was abruptly occluded by tension on external ligatures.'6 Since coronary atherosclerosis is usually diffuse, the anterior descending coronary artery had been ligated at a point near the junction of its upper and middle thirds when the gages were installed a week or two before the experiment ( fig. 5 ). The typical response to sudden occlusion of the circumflex coronary artery was prompt reduction in the peak flow rates and stroke volume, becoming fully developed within 10 to 30 beats after occlusion. Changes in acceleration and ejection rate following coronary occlusion have been reported by several investigators. For example, Ohlsson,'7 who used high-speed cineradiographic technics in dogs with myocardial infarctions, found that peak flow velocity was delayed (reduced acceleration), although it was not necessarily observed until some hours after the occlusion. Reduction in the ability of the myocardium to accelerate blood after infarction has been demonstrated with differential pressure measurements by Rudewald 18 (fig. 3 ) or in the normal right ventricular ejection ( fig. 1 ).
On the other hand, if coronary blood flow Circulation, Volume XXIX, February 1964 through the chamber walls is diminished diffusely, the contractile tension and the rate of shortening of major portions of the ventricular myocardium may be reduced by ischemia.
Exsanguination Hypotension
Systemic arterial pressure can be reduced by withdrawing sufficient quantities of blood from either veins or arteries.22' 23 The filling pressure, diastolic distention, myocardial fiber length during diastole, and perfusion pressure in the coronary arteries are all diminished. The net result of these factors includes reduced stroke volume, slower acceleration of outflow.
and lower peak flow rates from both ventricles. The effects of reduced ventricular impulse are illustrated in figure 6 in terms of the reductions in ejection velocity, acceleration, and the initial rate of rise of aortic pressure at the onset of systole (vide infra). The reduced ventricular impulse appears to result from a generalized reduction in the ability of the myocardium to shorten rapidly while developing contractile tension. Reduction in the perfusion pressure in the coronary arteries and diminished coronary flow is a potential etiologic mechanism that deserves full investigation under these conditions.
Effects of General Anesthesia
The anesthetic agents administered to induce analgesia, relaxation, or unconsciousness in human subjects and in animals also depress cardiovascular reflexes. Sodium pentobarbital, perhaps the most popular anesthetic agent employed in physiologic research, has profound effects on ventricular performance.1 24 The peak flow velocity, acceleration, and stroke volume of both ventricles are greatly reduced (see fig. 4 / 9 --1 g 4 + A -( d i 3 9 X Ã e t A ; a  § A < ĩ . t ' . ' > . . . a . . fig. 3) . Using electromagnetic flowmeters, Spencer and his co-workers have demonstrated a greatly reduced acceleration and peak flow velocity during experimentally induced constriction of the aorta simulating coarctation of the aorta. In this case, the retarded acceleration and low outflow rate did not result from a reduced left ventricular impulse but from an obstruction intervening between the heart and the flowmeter. This type of observation indicates the hazard of employing a measure of ventricular impulse as a diagnostic test. Such conditions must also be taken into account in employing signs of ventricular impulse to evaluate the status of the ventricles.
Indirect Methods for Detecting Altered
Ventricular Impulse A number of technics developed to evaluate the dynamic function of the heart have failed to achieve anything like universal acceptance.
Analysis of the arterial pressure pulses, ballistocardiography, electrokymography, and analysis of precordial movements have demonstrated relationships with known types of cardiac disease. In each instance empirical relationships have been established by relating observed alterations in wave form to specific types of cardiac disease at postmortem examination. Although empirical relationships may have demonstrable utility, a more logical and scientific approach to recognition and assessment of disease can be achieved through greater understanding of the fundamental processes and by direct objective measurements. The number of measurements that can now be made on human patients is so limited that every effort should be made to determine by careful validation experiments the areas in which each is useful.
Since normal autonomic control is manifest in part through a very large increase in initial ventricular impulse ( fig. 3) 
